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1 BACKGROUND
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health problem throughout the world. In the U.S., the most serious and widespread
manifestation is paralytic shellfish poisoning (PSP), a syndrome caused by hgestiom of
shellfish that accumulate toxins from dinoflagellates, predominantly in the g&fexsandrium

The potent neurotoxins produced by these organisms are accumulated byféidding

shellfish and other grazers and are passed on to humans and atials at higher trophic

levels, leading to iliness, incapacitation, and even deakxandriunspecies cause toxicity in
many different hydrographic and climatic regimes, from temperate to tropical. One reason for
growth success across such a varidthabitats is that many species have a cyst stage in their
life histories. This allows the organism to remain dormant in bottom sediments through
temperature extremes (e.g., winter), with seasonal germination inoculating vegetative cells into
the water cobmn only during intervals where temperature and light are suitable for growth
(Anderson et al., 2012). Population development is thus possible in more locations than would
otherwise be the case if yeaound persistence in the water column were the onlyans for
survival.

One important area orecurrentAlexandrium catenellalooms is within the Nauset Estuary on

Cape CodIn this system,solated and localized bloonase tightly linkedn time and space to

cyst populations in bottom sediments of the asea@here toxicity occurs. These locations can be

viewed as selfeeding "point sources"”, in th&tlexandriunpopulations originate within the

embayments or estuaries, with no input of cells from coastal waters, and they deposit cysts

after those blooms, tét 8 SSR¢ FdzidzZNB o0f22Yad ¢KS&AS af20F€Al
been well studied by D. M. Anderson and colleagues (e.g., Anderson et al. 1983; Anderson and
Stolzenbach 1985; Crespo et al. 2011; Ralston et al. 2013, 2015; Brosnahan et al. 2014).

Thedistribution of theAlexandriunmblooms within Nauset Estuary is not uniform. It een

well established that the hot spots of toxicity occur at the three distal end points of the system
- namely Salt Pond, Town Cove, and Mdhd. Just south of the Nget system i®PleasanBay,
where Alexandium cysts have been detected in the pdéinderson et al. 1978put where

toxicity -related shellfish closures have not occurred for decades.

The Nauset Estuary is a highly dynamic environmeitih, accumulatioms of sedimenteading to
shoaling anadtoncerns about boating access and safédne of the issues that has been raised
with respect to dredging within Nauset has been tdéxandriumcysts in the dredge material
may remain viable after being placed on the beach for dune augmentation following
dewatering. The concern is that if thesgysts remain viable, a storm or heavy rainfall that
moves them into adjacent coastal waters, including Pleasant Bay, could introduce this toxic
organism into areas where it is not currently a major problem.

Unfortunately, there are no studies in the lisdure about the viability of dinoflagellate cysts
following dredging operationsWe can, however, hypothesize that there aneiltiple
processes that could lead to cyst mortality during the dewatering procésese include
desiccation, freezing, and gsaty changeslue tosaltwater exchanges with freshwatduring



rainfallevents Other factors may also limit germination (e.g., absence of light), leading to
mortality through time in oxygenated sediments.

To address these concernsseries ofcontrolled field studesand laboratory analyses were
conducted.

2 OBJECTIVES

The objective of this research was to determine the impact of dune bamidewateringipon
Alexandriuncyst survival, viabilityand mortality over time. This work can be used to asshe
risk that dredging operationsnd specifically dredge spoil disposaihe Nauset Estuary may
pose to species dispersal in the region.

This project looked at the following questions:
1. How long doAlexandriuncysts remain viable under shallow andegeburial conditions?

2.  Whichabiotic factors €.g.,temperature, salinity, desiccation) contribute to cyst
mortality?

3 METHODOLOGY

3.1 Sediment Collection and Dune Burial

An important consideration in planning this experiment is tAatatenellacysts undergo
dormancy cycling, alternating between true dormancy in which they cannot germinate, and
guiescence, in which they remain in a resting state until ambient environrheatalitions are
supportive of germination (Fischer et al. 2018). For the dewatering experiment to be
meaningful, the viability of cysts had to be assessed at each time point, which in turn requires
that the cysts be in a quiescent sate. The experimerd thas initiated in mieinter, a time

when past studies indicate that full quiescence was achieved.

Sediment samples were collected in Town Cove, OrleangrMi®/13/19using a standard

grab sampler. These wergaintained in the dark at the ambient temperatuirecoolers The 0
10cm sediment layers were pooled together and homogenized at the ambient sediment
collection temperature. Between collection and burial, all gystcessing was conducted under
red-light illumination and controlled temperature conditions. For the ldagm viability

studies, 10 mL aliquots of homogenized sediment were dispensed into separateih

Nitex sachets (h=50) and sealed using duct &@pe stainlessteel clipsThese manipulations
occurredon 1/2/20. Thesealed sachets were placed into heavy duty plastic mesh sleeves (6
feet in length and 4 inches in diameter) with sealed ends attached to a surface expression
lanyard to allow for retevalafter burial in a duneSubsamples were processed for initial cyst
density (n=5) and viability (n=3) using standard primuline staining and germination techniques
(Anderson et al., 1982, 2005; methods described in more detail below).

Sixteenl0 mLamber vials filled witiNauset sediments werstored in anoxic sediment af@ in
the laboratory to be used as controls for the germination times seAeghis temperature,
cystsin anoxicconditionscansurvivein the laboratoryfor an extendedperiod of time. An
additional sixteen vialslsostored in anoxicsediment,were placed in an incubator that was



adjusted on a weekly basis to mimic the temperatures within the diihés subset is termed
the Variable Control.

On1/7/20, sachets were buried in the dune at Nauset Beach, Orleans, at two treatment depths.
One was located near the surface of tthene (30 cm below the surfacg and the other was

closer to the water tablé~1.5 meters). Sachets were initially harvested on a weekly basis and
assessed for a panel of abiotic and biotic metrics including moisture content, salinity, cyst
viability and cyst concentration. Based on the results of the cyst viability, samplinglatea
thereafterto be either weekly or biweekly. Three sachets from each treatment wnetreeved

on each sampling day: one for germination and/or primulin preservation, one for moisture
content, and one for salinity. Sediments were transported from$¢aBeach to the Woods

Hole Oceanographic Institution on ice and in dark conditions for processing.

3.2 Environmental Parameters

Dune temperatures were recorded using Onset temperature loggers buried with the shallow
and deep sachets, and the dateere downloaded each week. The last recorded temperature
on the shallow logger was used to set the correspondagable Gntrol incubator

temperature; the deep control treatmenhcubatorwas set at a steady’@.

Rainfall datavere synthesized by producing a daily and weekly average from data submitted by
Eastham and Orleans contributors to the Community Collaborative Rain, Hail & Snow Network
(www.cocorahs.oryy Three contributors from eadiown consistently contributed data during

the time period of the field experiment, for a total of 6 data sets.

3.2.1 Moisture Content

One sachet at each depth was removed and processed weekly for soil moisture content using
the standard overdrying method (ASW D221619). The contents of each sachet werepre
weighed in a tared 50 mL tube, then dried at°&5for 7 days. The percent water content was
then calculated using the wet and dry weights of each sample.

3.2.2 Salinity

One additional sachet at each depth wasweved and processed weekly for salinity. The
contents of each sachet were placed into 50 mL rebottom screwtop centrifuge tubes and
centrifuged at 10,000 rpm for 15 minutes &Clin a fixed angle rotor. The salinity of the
supernatant was determinedsing an Extech Portable Salinity Refractometer.

3.3 Cyst Germination

Fromeachdunetreatment, aswell asthe two laboratorycontrol treatments,awell-mixed 2cc

wet volume sediment subsample was resuspended to 10 ml with filtered seawater (FBW&/).
sediment slurry was sonicated using a Branson Sonifier 250 affixed with a 1.25 cm disruptor
horn at a constant 40V output for 1 minute, and sievedtyield a clean, ZBOum sediment

size fraction and resuspended to 15 mL (Anderson et al., 2005). During weeks when primuline
processing was also being conducted, 5 mL was subsampled for germination and the remaining
10 mL was preserved for primuline presingto determine the cyst concentration in the

sample

For germination, a 5 mL wetlixed subsample was pipetted into a 50 mL rodnadtom screw
top centrifuge tube and underlaid with 13 mL Nalco 1040 solution. The tube was then
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centrifuged at 200 x g fdl5 minutes at 4C, and the top 13 mL was removed to a 20um sieve,

washed thoroughly with FSW, and resuspended to 5 mL. A subsample was then loaded into a
SedgewickRafter slide and scanned at 10x magnification under transmitted light. When a cyst

was loated, regardless of condition, it was moypiipetted into an individual well on a 9&ell

plate prepared with f/2Si media (Anderson et al. 1994). A total of 40 cysts were isolated from

each sample, and plates were then mapped and placed in ambienidigint incubatoat 15°C.

Plates were checked after two weeks, afid a dzl f £ @ & 02 NB®RAI $ MY SR KSR® & R
Dead cysts hahvisible but deteriorated cell contents (see Figure-B)Gwhilegerminated cysts

were characterized byraemptycell wall wih no internal contents. Anwells within which

swimming cells could be observed were noted.

3.4 Cyst Fluorescence

In preparation for germinationAlexandriuncysts synthesize chlorophyll which leads to the
emission of red autofluorescen¢@nderson and Keafer 1983h order to determine whether
cysts wee in the process of germination at the time of collection, a subsampialzio-
concentrated sedimentvas examined for autofluorescencehis was carried out using a
separate aliquot than the one used for isolation and germinatidre sample was loadedto a

Figure 1. Cyst fluorescence categories A) Dead cyst displaying-gedlewfluorescence ang
degradation of interior contents B)evel 01(0 cyst with no evident autofluorescence C) L
Odaild RAaALIFT&@Ay3d NBR Ffd2NBAOSYyOS Ay (K

autofluorescence around the middle of the cyst E) L3 cyst displaying red fluorescence
extending to both poles FYlcyst with autofluorescence completely filling the cyst body.




SedgewickRafter slide and scanned at 10x magnification under transmitted light on a Zeiss
CompoundEpifluorescencélicroscope. Each cyst identified was observed under a FITC filter
set, and autofluorescence was graded on a scale ranging frértFQure 1). This process
continued until ~30 cysts had been observed and graded for each sample. (Note: This
component of the experiment was added during weektBere are no fluorescence data for-T

0, Week 1 or Week 2.)

3.5 Primuline Staining

In addition to samples that were processed for primulip@sed cysenumeration at TO (n=5),
primuline counts were completed on a monthidgsis When possible, replicate sachets (n=3)

were collected for multiple primuline counts. Primuline samples were sshdnd sieved to

isolate the 2680um sediment size fraction following methods outlined for cyst germination.
Following modified methods from Yamaguchi et al. 1995, ACS grade formalin (100%) was added
to the processed sediments at a working concentratiob%f, and samples were returned to

4°C for 180 min. Samples were then centrifuged for 10 min at 3000xg, the overlying water was
aspirated, and the sediment pellet was resuspended in 10 ml ACS grade methanol and stored at
4°C for at least 48 hours. The salmpvas centrifuged and aspirated as before, and

resuspended in 10 ml M water. Following centrifugation and aspiration, 2 ml of primuline

stain (2 mg mt) was added.Samples were incubated in the dark &t@on a rotating mixer,
centrifuged and gsirated, and washed with 10 ml M#) water, centrifuged and aspirated

again, and the stained sediment pellet was brought up to 10 ml with-@Wiater. A 1 ml

subsample was loaded into a SedgewRater slide and examined using a Zeiss Imager
microscope at 100X total magnification under blue light epifluorescence (Chroma filter set

19002, Chroma Corp, Bellows Falls, VT), ardethndriuncysts were enumerated (Anderson

et al. 2003).In the case that sediments were too dense for accurate countirggsémple was

diluted 1:10 prior to enumeratiorit wasnot possible to tell whether those cystgere alive or

dead so the germination assays were used for that purpose.

4 RESULTS

4.1 Environmental Parameters

Because of a mild winterhé dune temperatureat both depthsdid not drop belowd°Cfor the
duration of the experimentThe ninimum temperature experienced in the deepnd shallow
treatments were2 and0.8°Crespectively [Fig. 2). The shallow treatment experienced greater
diel variability in temperaturethan the deep treatmentwhich alscexperienced fewer
temperature swings as well asore gradual rates of cooling and warming in the winter and
spring. The mximum temperatursfor each treatmentwvere 20.6 and 23.2%C inthe shallow
and deep dune treatments, respectively.

The VariableControl temperature was adjusted to reflect the last data point of tteepOnset
logger from the preceding week (Fig. 3). The minimum set temperature w&s 82l the
maximum set temperature was 1P@®, though the majority of the weekly setpoints fell
between 6 and &C.

For the duration of the field experiment, precipitatiomexaged 0.95 inches per week (Fig. 4).
The lowest weekly precipitation was 0.042 inches, the week ending on May 18th, and the



maximum weekly precipitation was 2.77 inches, the week of April 27th. The highest daily
rainfall was 1.55 inches on April 27thePBipitation increased over the course of the study.

4.2 Moisture Content and Salinity

At TQ when sediment was first put into the sachet/7/20), the moisture content in the

sachets was 46% by weight. This was the highest percent moisture observed tering t
experiment. Moisture content fluctuated in both treatments during the course of the study, but
remained within a relatively narrow range (36%%) in both treatments. No significant

negative trend in percent moisture over time was observed in eithettment (p>0.05;Figure

5).

Shallow Temperature, °C

Deep Temperature, °C

N OO

0
1/13/20  1/28/20 2/12/20 2/27/20  3/13/20 3/28/20 4/12/20 4/27/20 5/12/20  5/27/20

Figure 2. Field temperature data for shallow (top) and deep (bottom) treatment.

Salinity in both field treatments decreased significantly over the course of the experiment but
to differing degrees (Figure 5). At TO, gadinity of the sachets was 35 ppt. By the conclusion of
the experiment, salinity was 4 ppt in the shallow treatment and 17 ppt in the deep treatment.
Although salinity levels fluctuated, the salinity of the deep sachets was always greater than (or
in onecase equal to) the salinity of the shallow sachets.



Variable Control
14

12

10 -

7

0
1/10/20 1/30/20 2/19/20 3/10/20 3/30/20 4/19/20 5/9/20 5/29/20

Figure 3. Variable control incubator temperaturimicking the deep treatment

4.3 Germination Success

Some proportion ofAlexandriumcysts within the dunesemained viable throughout the
experiment, although viability decreased significantly over the course of the Spaditcularly
in the shallow treatmen{Fig 6). During the earlier stage of the experiment, cysts from the
dune sachets often displayeaightly more successfudumulativegerminationpercentageshan
control cysts that were stored in anoxic laboratory conditions. In the first ten weeks of the
experiment January & March 17 cumulative germinatioraveraged 82% in the shallow
treatment and 766 in the deep treatment. By comparismumulative germinatiomveraged
72% in the 2C control and 68% in the variable control. After timise, germination began to
decreaseand mortality to rise. Significant cyst mortality (>70%) in both field treatmevds
observed by Week 13\pril 22, and at the time of final samplingortality was complete in
the shallow treatment (0% germination, 100% dead cysisdl nearly complete in the deep
treatment (13% germination87% dead cystd-ig 7).



Eastham and Orleans Weekly Precipitation Jan-May 2020

25

Rainfall (inches)
n n
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Date

Figure 4. Weekly precipitation in Eastham and Orleans from January to May 2020
(https://www.cocorahs.orgj.
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Figure 6. Percent cyst germination over time.
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Figure 7. Percent cyst mortality over time.
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4.4 Cyst Morphology

Cysts populations in the dune treatments maintained healthy appearances and overall
morphologicaintegrity for the first 10 weeks of the experiment. StartingMarch 31,

however,a large proportion (>25%) of dead cysts was observed in the shallow treatment for
the first time. Thereafteythe relative proportion of dead cysts increased steadilyatib
treatments. In general, healthy cysts exhibited clear banding of internal contents and defined
cell walls. As cysts began to exhibit higinmidenceof death, internal contents became
degraded in appearance and many displayéNP ( NHz& A 2 yFi. 8)2N\atpliodced 6 a ¢
changes wersimilarin shallow and deepdune treatments.

v D

A%
A B Cc %
\ »

- i

Figure 8. A7) Examples of cyst morphology in ddmeied cysts at Week 7 (2/25/20)-1G
Examples of dunburied cyst morphology at Week 20 (5/26/20)ote the protrusions or
Gof Soaé¢ Ay (GKS 2SS1T wn AYl3IASaod

4.5 Cyst autofluorescence

Throughout the study, cysts in the field treatments consistently exhibited high leveds of
chlorophyllautofluorescence, while autofluorescence wasetg observed in cysts maintained

in both control conditions (Fi@). The lack of autofluorescence in the latter reflects the effects
of anoxia durindaboratorystorage, as that is known to completely suppress germination in
Alexandrium(Anderson et al1987).The autofluorescence observed in the field cysts indicates
that oxygen was present in the dune mieeavironment around the sachets.

Across the first 10 weeks of the experiment, the proportion of cysts displaying autofluorescence
at a level of 2 oabove in the field treatments averaged 47% in the shallow sachets and 52% in
the deep sachets. Fluorescence in both field treatments began to decreadamh 31(Week

12) as the relative proportion of dead cysts within the samples began to increasallA s

number of cysts in the deep dune treatmgrtl0%)continued to display autofluorescence

through the conclusion of the experiment, while the shallow treatment reachede@Pbo
autofluorescence by the final samplimgp May 28", consistent with 100% morliy.

Overall, these data indicate that cysts within the dumere undergoing physiological

preparation for germination while cysts in the control samples remaupgdscentunder their
anoxicstorage conditions. At the time of their isolation many of the cysts in the dune samples
were already primed to produce vegetaticells.

12



4 Control
100% % Dead
% L4
% L3
% L2
0% B %L1
Variable Control B %Lo
100%

75%

50%

25%

75%

50%

25%

0%
Shallow Treatment

9
10(M,-Il. l-IIII|I
0%

Deep Treatment
100%

75%

50%

25%

75%

III .-Il-l
50%
25%
0%

N Q N ‘N Q Q Q Q N Q Q N Q
\Z v \\\’1/ \'\Q}’b 6_;\’)’ n}’l« v N 6_,\’1' ,19/ Q’\"b ,b\’l« v

P W \
LT i

s
AN
Ny PR QRN SN U

Date

Figure 9. Proportional fluorescence/Aexandriuncysts in control and field treatments over
time. Cysts were graded on a scale &f,Qvith an additional category included for dead cys

4.6 TOTAL CYST ABUNDANCE

At TO, theconcentration of cysts within the sachets wa6d8+126 cysts/cc. As the experiment
progressed, cyst abundance in the sachet appeared to increase relative to the controls and TO.
At Week 14, cyst concentration wa820+185 cysts/cc in the shallow treatnteand

3,309+552 cysts/cc in the deep treatment. In comparison, the control values irf@eard

Variable Controtemained relatively constant & 133 and ]857 cysts/cecespectively At the

final time pointon May 26 cyst concentratioswere 2,484+232 gsts/cc in the shallow

treatment and 3147+65 in the deelune treatment (Figl0).

In their natural habitatAlexandriuncysts are unevenly distributed within sediments. Despite
homogenization of sediments prior to aliquoting sachets, some variabildyshconcentrations
is to be expected, making replication an important component of abundance analysis. For
example, lack of replication and inhomogeneous distribution may explain the anomalously high
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Figure 10. Cyst abundance measuregbgnuline enumeration. Error bars are displayed for
timepoints during which replicate samples (n=3) were retrieved from the dunes.

abundance recorded in the shallow sachetMarch 10th However, cyst abundances observed
in treatment sachets were signiéintly higher by the conclusion of the experiment. We
hypothesize that the higher cyst concentrations observed may result from a loss of fine
sediments (<20 um) from the sachets during storage in the dune. The gross wet weight of
sediments within the sachstdecreased 30% between TO and the final time point in the shallow
treatment, and 34% in the deep treatment. This loss of mass would concentrate the
Alexandriuncysts into a smaller volume, increasing their abundance per cubic centimeter.

It should be nagd that the primuline method detected cysts in high concentrations at the time
of final sampling, but that simultaneous fluorescence data and morphological observations
indicated that most cysts in the dune treatments were dead. Primdtasmingdoesnot
distinguish between live and dead cysts.

5 SYNTHESIS

This was a successful experiment that provides useful information to guide dredging and
dewatering activities in the Nauset Estuanyd other areas where cy$brming HAB species
might occur The only disappointment is that the winter was mild, so temperatures in the dune
never dropped belovd.8°Candthe cysts never experienced freezing temperaturés

separate study conducted for Woods Hole Group indicated Ahatatenellacysts stored at20

°C for 8 days all died, and thus we would expect to have seen temperdtiven cyst mortality
in the dune had temperatures been a few degrees lower. The cysts survive very well at low,
nearfreezing temperatures anthe same is true for temperatures in the £@5°C range
observed in the dune at the end of the experimébt M. Anderson, pers. observatiosd
unfavorably lowor hightemperaturesby themselvesannot explain the near 100% mortality
observed in the dune cysts by the eofithe 139day experimentNote also thathe Variable

14



Gontrol treatment did not experience mortality to any significant extent, so a temperature
pattern similar to that observed in the field deep treatment did not cause mortality, in marked
contrast to observations with the durgtored cysts.

Additionally, he decrease icumulative germinationwvas not significantly correlated with the
moisture content of the sachets (Figure 11, linear regression; df=30, p=G=B0BR).

One possibleonclusion ighat cyst
mortality was driven byrolonged
salinity change rather than by
desiccation or freezingh regression
analysis of germination against
salinity for each sampling week
revealed that the two factors were
significantly correlated (Figure 12A,
linear regression; df=30, p=0.001,
R=0.30). However, experiments
conductedfor the Woods Hole
Groupprior to field deployment
showed that cysts could survive and
germinate when incubated in
distilled deionizedvater for a week,
indicating thatAlexandriuncysts are
tolerant of freshwater conditionfor
at least that long To investigate the
impacts of polonged exposure to low salinity conditions upon viability, percent germination
was plotted against the salinity value for the three weeks leading up to sampling (Figure 12B).

Figure 11. Regression analysis of percent
germination against moistureontent

Figure 12. Regression analysis of A) percent germination against salinity mecsungcthe
same week and B) percent germination against salinity, with each salinity value represen
an average of the three weeks prior to sample collection
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